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Abstract: Gingival tissue experiences an environment of nutrient shortage, such as low glucose
conditions, after periodontal surgery. Our previous studies found that this low glucose condition
inhibits normal gingival cell functions. However, the mechanism by which this glucose-deficient
environment causes cellular damage to human gingival fibroblasts (HGnFs) remains unclear. This
study aimed to investigate the biological effects of ROS induction on HGnFs under low glucose
conditions. ROS levels and cellular anti-ROS ability of HGnFs under different glucose concentrations
were evaluated by measuring ROS formation and the expression of superoxide dismutase and heme
oxygenase 1. Changes in cellular viability were investigated using 5-bromo-2′-deoxyuridine assay
and cell survival detection, and the cellular damage was evaluated by the expression of inflammatory
cytokines and changes in the expression of autophagy-related protein. ROS formation was then
blocked using N-acetyl-L-cysteine (NAC), and the effects of ROS on HGnFs under low glucose
conditions were investigated. Low glucose conditions induced ROS accumulation, reduced cellular
activity, and induced inflammation and autophagy. After NAC application, the anti-ROS capacity
increased, cellular activity improved, and inflammation and autophagy were controlled. This can be
effectively controlled by the application of antioxidants such as NAC.
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1. Introduction

Glucose is central to energy utilization [1]. Proteins, carbohydrates, and lipids are
eventually catabolized into glucose, which then serves as a universal fuel for almost all
major cellular metabolisms [2]. However, an excessive glucose condition can have toxic
effects on the structure and function of cells [3]. Many studies have provided valuable
information about the high glucose metabolism of cells leading to impaired cellular func-
tions, including glucose autoxidation [4], activation of protein kinase C [5], formation and
glycation of methylglyoxal, and oxidative phosphorylation [6]. Not only can glucose lead
to toxicity, but excess glucose metabolites may also lead to cellular damage [7]. Common
to all these pathways is the formation of reactive oxygen species (ROS), which can lead to
impaired normal cell function, as well as increased cell death. Studies have shown that ROS
directly or indirectly activates many signaling pathways in the cell, such as Akt and ERK,
and this activation mechanism is one of the possible factors that induce cellular damage,
such as inflammation [8].

Similar to all other mammalian cells, human gingival fibroblasts (HGnFs) utilize
glycolytic pathways to maintain cellular function. However, under some conditions, if the
current vessel system is damaged, cells experience a stressed environment characterized
by low glucose concentrations. For example, following trauma or periodontal surgery,
the blood supply to periodontal tissue is significantly lower than that to healthy tissue
because of damaged blood vessels. We have found in our previous studies that low glucose
conditions can inhibit normal gingival cell function, such as proliferation, migration, and
collagen synthesis [9].
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The Akt and ERK pathways reportedly collaborate to maintain cellular function [10].
These two signaling pathways are cross-linked at many sites, and either pathway can be
signaled to enhance or inhibit the signaling of the other. For example, the ERK signaling
pathway can be activated by phosphorylation, releasing growth factors that can feedback
into the cell to activate the Akt signaling pathway. Both pathways can be activated by
ROS and perform many physiological functions [8], such as immunological response and
autophagy. Autophagy is a physiological process by which cells ensure their viability
by securing a source of nutrients through self-digestion in the event of starvation [11].
Autophagy also induced by bacterial infection and inflammation can be detected in the
gingival tissue [12,13]. Kim et al. have reported that autophagy could upregulate inflam-
matory cytokines in gingival tissue of patients with periodontitis, and lipopolysaccharide
(LPS) could induce autophagy in gingival tissue [14]. Furthermore, autophagy is closely
associated with inflammation [15]. Autophagy can influence the secretion of inflammatory
cytokines and can be influenced by inflammatory cytokines. However, to the best of our
knowledge, the relationship between ROS, inflammation, and autophagy in gingival tissues
has not yet been investigated.

This study aimed to investigate the mechanisms of cellular damage in glucose star-
vation conditions and the relationship between ROS and the process of autophagy de-
velopment. N-acetyl-L-cysteine (NAC) administration inhibited ROS formation under
low glucose conditions, and inflammation and autophagy under such conditions were
investigated. We hope that this study will lead to a better understanding of the cellular
damage mechanism under low glucose conditions in wounded tissue.

2. Materials and Methods
2.1. Reagents and Antibodies

All chemical and biochemical reagents were purchased from the following sources:
DMEM from Nacalai Tesque (Kyoto, Japan), FBS from Thermo Fisher Scientific (Rockford, IL,
USA), and NAC (A7250) from Sigma-Aldrich (Burlington, MA, USA). The total ROS detection
kit was obtained from Dojindo (Kumamoto, Japan). Antibodies against ERK, p-ERK, Akt,
p-Akt, LC3B, p62, and β-actin were obtained from Cell Signaling Technology (Beverly, MA,
USA). Antibodies against LC3 and p62 were obtained from MBL (Nagoya, Japan).

2.2. Cell Culture

HGnFs were obtained from ScienCell Research Laboratories (San Diego, CA, USA)
and cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS). The culture medium was changed every 3 days, and the cells
were harvested and subcultured on reaching sub-confluence. The cells were used between
passage numbers 3 and 6 for each experiment. HGnFs were incubated in DMEM with
four glucose concentrations: 100 (normal control), 50, 25, and 0 mg/dL, and these were
formed by mixing two kinds of DMEM with different glucose concentrations (100 and
0 mg/dL). The glucose concentrations of 100, 50, 25, and 0 mg/dL were equivalent to
blood glucose levels of 5.5, 2.75, 1.375, and 0 mM, respectively, according to a previous
study. Antioxidant treatment was performed by adding different concentrations (1, 5 and
10 mM) of N-acetyl-L-cysteine (NAC) at once to the 0 mg/dL group.

2.3. Detection of Cell Proliferation

Cell proliferation rates were determined by the uptake of 5-bromo-2′-deoxyuridine
(BrdU, Nacalai Tesque) into DNA. The HGnFs were incubated in 100 mg/dL glucose until
80% confluence and were cultured under each glucose concentration for 24 h.

Next, a medium containing 10 µM BrdU was added to each well and incubated on
plates for 2 h. Then, the cells were fixed and permeabilized. DNA was hydrolyzed with 2 M
HCL. After nuclear staining with DAPI (Dojindo, Kumamoto, Japan), cells were observed
under a Keyence BZ-II all-in-one fluorescence microscope (Keyence, Osaka, Japan). The
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proportion of BrdU-positive cells was determined by counting the 10 randomly captured
BrdU-positive nuclei per well and the total nuclei.

2.4. Cell Survival Assay

Cell survival was measured using an MTT assay. The HGnFs were incubated until
confluence, and the medium was changed to a medium containing different glucose
concentrations (100, 50, 25, and 0 mg/dL). The data of viable cells at each time point were
collected by measuring the amount of formazan using Cell Count Reagent SF (Nacalai
Tesque, Japan). The data were analyzed using SoftMax® Pro Microplate Data Acquisition
and Analysis software (Version 7.0, Molecular Devices, Sunnyvale, CA, USA).

2.5. Immunofluorescence Staining

The HGnFs were seeded in 24-well microplates at 1 × 103 cells/mL in a 1 mL culture
medium and allowed to adhere for 24 h. The medium was replaced with a medium
containing different glucose concentrations (100, 50, 25, and 0 mg/dL). Following 24, 72,
or 120 h of incubation, the cells were fixed, permeabilized, and blocked, and then were
incubated overnight at 4 ◦C with 250-times diluted, primary mouse, primary antibodies
against LC3B and p62.

Fluorescent immunostaining was performed by applying Alexa Fluor 488® (Thermo
Fisher Scientific, Waltham, MA, USA) as the secondary antibody, and the nuclei were
stained with DAPI (Dojindo). After staining, images were obtained using a BZ-II all-in-
one fluorescence microscope and analyzed using ImageJ Ver. 1.53e (Wayne Rasband and
contributors, National Institutes of Health, Bethesda, MD, USA, http://rsb.info.nih.gov/ij
accessed on 10 December 2020.

2.6. ROS Detection and Staining

ROS levels were measured using a Total ROS Detection Kit (Dojindo), following
the manufacturer’s instructions. The HGnFs were cultured to adhere for 24 h, and the
medium was replaced with a medium containing different glucose concentrations (100,
50, 25, and 0 mg/dL). Then, the cells were incubated for 24, 72, or 120 h. The stained
cells were observed and photographed using fluorescence microscope (Keyence). Cellular
fluorescence was measured and analyzed using SoftMax® Pro Microplate Data Acquisition
and Analysis software.

2.7. Real-Time Polymerize Chain Reaction

The HGnFs were seeded and incubated for 24 h, and the medium was then replaced
with a medium containing different glucose concentrations (100, 50, 25, and 0 mg/dL) and
incubated for 24, 72, and 120 h.

The total RNA was isolated using the RNeasy Mini Kit (Qiagen, Venlo, The Nether-
lands) and reverse-transcribed to cDNA using a PrimeScript Reagent Kit (Takara Bio, Shiga,
Japan). The gene expression of IL-6, IL-8, and IL-1β (Taqman gene expression assay) was
quantified using a Step One Plus Real-Time PCR System (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA).

2.8. Human HO-1 and SOD ELISA

The HGnFs were seeded and allowed to adhere for 24 h. Then, the cells were cultured
under each glucose concentration (100, 50, 25, and 0 mg/dL) for 24, 72, and 120 h. HO-1
and SOD secretion levels in culture supernatant were measured by using the Human Heme
Oxygenase 1 ELISA Kit (ab207621, Abcam, Cambridge, UK) and the Human Superoxide
Dismutase 1 ELISA Kit (ab119520, Abcam).

2.9. Western Blot Analysis

The HGnFs were treated with different glucose concentrations (100, 50, 25, and
0 mg/dL) for 5, 8, 24, 72, and 120 h and then harvested. The total protein was extracted

http://rsb.info.nih.gov/ij
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using RIPA buffer (Thermo Fisher Scientific), supplemented with a protease inhibitor cock-
tail (Thermo Fisher Scientific) and a phosphatase inhibitor cocktail (Nacalai Tesque). The
total protein concentration was determined using a BCA Protein Assay kit (Thermo Fisher
Scientific, Waltham, MA, USA).

The protein samples were separated, transferred, and blocked. Then, the membranes
(Bio-Rad, Hercules, CA, USA) were incubated with primary antibodies against ERK, p-ERK,
Akt, p-Akt, β-actin, LC3B, and p62 (Cell Signaling Technology). Next, the membranes
were washed and incubated with secondary antibodies (Cell Signaling Technology). Im-
munoreactive bands were visualized using a chemiluminescence kit (Nacalai Tesque). The
signals and Western blotting data were analyzed using the ChemiDoc MP System (Bio-Rad).
Statistical analyses were performed using ImageJ Ver. 1.53e (Bethesda, MD, USA).

2.10. Statistical Analysis

Data were presented as the mean ± standard deviation (SD). Parametric data were
analyzed using one-way analysis of variance with Tukey’s test by IBM SPSS Statistics Ver.
17 (IBM, Chicago, IL, USA).

3. Results
3.1. Low Glucose Conditions Increase ROS Levels

The effects of four different glucose concentrations on ROS were measured after
culturing for 24, 72, and 120 h. As shown in Figure 1, ROS levels increased significantly in
all stimulation groups (50, 25, and 0 mg/dL), peaking at 120 h. The anti-ROS ability was
measured by the secretion of HO-1 and SOD. The anti-ROS ability increased proportionately
with the glucose concentration.
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3.2. Low Glucose Conditions Impair Cellular Viability and Promote the Expression of 
Inflammatory Cytokines 

Cellular viability was assessed by cell proliferation and survival. Cell proliferation 
and survival were reduced proportionately with different glucose concentrations after 24, 
72, and 120 h of incubation. 

The effects of low glucose concentrations on the genes of inflammatory cytokines in 
HGnFs were analyzed using quantitative real-time PCR. As shown in Figure 2, the gene 
expression of IL-1β, IL-6, and IL-8 was significantly increased in the glucose 0 mg/dL 
group after 24 h of incubation, IL-6 expression increased in the glucose concentration 25 
and 0 mg/dL groups after 72 h of incubation, IL-1β and IL-8 gene expressions increased 

Figure 1. Low glucose conditions induce ROS by impairing the anti-ROS capacity of human gingival
fibroblasts (HGnFs). (A) After 24, 72, and 120 h of incubation, the HGnFs were stained for total ROS evalu-
ation using a ROS detection kit (Nacalai) and photographed under a fluorescent microscope. (B–D) The
levels of total ROS at 24, 72, and 120 h were measured using a fluorescent microplate reader, and the
results were modified relative to 100 mg/dL (control group). (E–F) The expression of SOD and HO-1 was
determined using ELISA in supernatants of stimulated HGnFs incubated for 24, 72, and 120 h. (Scale bars:
100 µm; a significant increase compared with the control was described as * p < 0.05, ** p < 0.01).
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3.2. Low Glucose Conditions Impair Cellular Viability and Promote the Expression of
Inflammatory Cytokines

Cellular viability was assessed by cell proliferation and survival. Cell proliferation
and survival were reduced proportionately with different glucose concentrations after 24,
72, and 120 h of incubation.

The effects of low glucose concentrations on the genes of inflammatory cytokines in
HGnFs were analyzed using quantitative real-time PCR. As shown in Figure 2, the gene
expression of IL-1β, IL-6, and IL-8 was significantly increased in the glucose 0 mg/dL
group after 24 h of incubation, IL-6 expression increased in the glucose concentration 25
and 0 mg/dL groups after 72 h of incubation, IL-1β and IL-8 gene expressions increased
in the glucose concentration 0 mg/dL group, and IL-1β, IL-6 and IL-8 gene expressions
increased proportionally in the glucose concentration 25 and 0 mg/dL groups after 120 h
of incubation.
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matory cytokines in HGnFs. (A,B) Representative immunofluorescence images of BrdU were incor-
porated into DNA, and the nuclei were stained by DAPI. The quantitative analysis of BrdU-positive 
cells was presented as mean ± SD of three independent experiments. (C) Cell survival was measured 
using an MTT assay. The average of the absorbance of each group at 0 h was used as 100% to calcu-
late the relative results. (D–L) The mRNA expression of inflammatory cytokines, such as IL-1β, IL-
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Figure 2. Low glucose conditions affect the cellular viability and promote the expression of in-
flammatory cytokines in HGnFs. (A,B) Representative immunofluorescence images of BrdU were
incorporated into DNA, and the nuclei were stained by DAPI. The quantitative analysis of BrdU-
positive cells was presented as mean ± SD of three independent experiments. (C) Cell survival was
measured using an MTT assay. The average of the absorbance of each group at 0 h was used as 100%
to calculate the relative results. (D–L) The mRNA expression of inflammatory cytokines, such as
IL-1β, IL-6, and IL-8, was determined using real-time PCR in stimulated HGnFs incubated for 72 h.
(Scale bars: 100 µm; a significant increase compared with the control was described as ** p < 0.01; a
significant decrease compared with the control was described as †† p < 0.01.).
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3.3. Low Glucose Conditions Induce Autophagy

To investigate the effect of low glucose on the autophagy of HGnFs, Western blot
and immunofluorescence were employed. As shown in Figure 3, after treatment with
four different glucose concentrations (100, 50, 25, and 0 mg/dL) for 24, 72, and 120 h, the
expression of LC3B and p62 as autophagy-related proteins was significantly increased in
the treatment group compared to that in the control group.
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Figure 3. Low glucose conditions induce autophagy in HGnFs. (A,B) Synthesis of autophagy-related
proteins (Total-LC3B and p62) by HGnFs under low glucose conditions, after 24, 72, and 120 h of
incubation. The HGnFs were photographed after incubation with fluorescently labeled secondary
antibodies, and nuclei were stained with DAPI. (C–E) The expression of LC3B and p62 was examined
using western blot analysis; the data were obtained using protein extracts of these cells with antibodies
against the indicated proteins with β-actin as a loading control. The samples derived from the same
experiment and their corresponding gels/blots were processed in parallel. (Scale bars: 100 µm).
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3.4. NAC Administration Inhibited ROS Formation

The effects of NAC on glucose starvation and ROS formation were measured after
culturing the cells for 24, 72, and 120 h. As shown in Figure 4, ROS formation was inhibited
significantly in all NAC-treated groups (1, 5, and 10 mM), with the greatest inhibition
observed at a NAC concentration of 10 mM.
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Figure 4. Effect of NAC on ROS formation and anti-ROS ability under low glucose conditions.
(A) The total ROS of the HGnFs was stained and photographed under a fluorescence microscope
after adding 1, 5, and 10 mM NAC and incubating for 24, 72, and 120 h. (B–D) Total ROS levels after
24, 72, and 120 h of incubation with 1, 5, and 10 mM of NAC were measured using a fluorescent
microplate reader, and the results were modified relative to 100 mg/dL (control group). (Scale bars:
100 µm; a significant increase compared with the control was described as ** p < 0.01; a significant
decrease compared with the 0 mg/dL was described as † p < 0.05, †† p < 0.01).

3.5. Administration of NAC Rescued Cell Viability and Inhibited the Expression of Inflammatory
Cytokines under Glucose Starvation Conditions

As shown in Figure 5, cell proliferation and survival were also measured under
glucose starvation conditions, with a significant rescue of cell proliferation and survival
by NAC and the best rescue occurring at a NAC concentration of 10 mM. Moreover, the
administration of NAC significantly inhibited the gene expression of IL-1β, IL-6, and IL-8
as inflammatory cytokines, under glucose starvation conditions after 72 h of incubation.
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Figure 5. NAC rescued the cellular viability and reduced inflammation in HGnFs induced by low
glucose conditions. (A,B) Representative immunofluorescence images of BrdU were incorporated
into DNA after the addition of 10 mM NAC, and the nuclei were stained by DAPI. The quantitative
analysis of BrdU-positive cells was presented as mean ± SD of three independent experiments.
(C) Cell survival after the addition of 10 mM NAC was measured using an MTT assay. The average
of the absorbance of each group at 0 h was used as 100% to calculate the relative results. (D–F) The
mRNA expression of inflammatory cytokines, such as IL-1β, IL-6, and IL-8, was determined using
real-time PCR in stimulated HGnFs incubated for 72 h. (Scale bars: 100 µm; a significant increase
compared with the control was described as ** p < 0.01; a significant increase compared with the
0 mg/dL group was described as § p < 0.05, §§ p < 0.01; a significant decrease compared with the
group of 0 mg/dL was described as †† p < 0.01.).

3.6. NAC Treatment Suppressed the Process of Autophagy and the ROS-Akt/ERK Signaling
Pathway under Glucose Starvation Conditions

As shown in Figure 6A–E, the effects of NAC treatment under glucose starvation
on autophagy-related protein expression in HGnFs were analyzed using Western blot
and immunofluorescence staining. LC3B and p62 expression significantly was reduced
in the NAC-treated groups at 24, 72, and 120 h compared to that in the control group.
Additionally, as shown in Figure 6F,G, after 5 and 8 h of stimulation, glucose starvation
conditions significantly increased the phosphating levels of ERK and Akt, and this increase
was significantly reduced by NAC administration.
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Figure 6. NAC prevented the induction of autophagy in the HGnFs under low glucose conditions
and inhibited the phosphorylation of the ROS-Akt/ERK signaling pathway. (A,B) Synthesis of
autophagy-related proteins (Total-LC3B and p62) in the HGnFs after 24, 72, and 120 h of incubation
under low glucose conditions following the addition of NAC. The nuclei were stained with DAPI.
(C–E) LC3B and p62 expression were analyzed using western blot, performed on protein extracts
from these cells with antibodies against the described proteins and β-actin serving as a loading
control. (F–H) The protein expression of the ROS-Akt/ERK signaling pathway was evaluated using
western blotting analysis and quantified using ImageJ. Western blot analysis was performed on
protein extracts of these cells with antibodies against the indicated proteins and β-actin as a loading
control. The samples derived from the same experiment and the gels/blots were processed in parallel.
The expression levels of Akt, p-Akt, ERK, and p-ERK were measured by densitometric analysis using
ImageJ. (Scale bar: 100 µm.).

4. Discussion

In this study, the mechanisms of cellular damage under low glucose conditions were
investigated. The results showed that low glucose conditions induced ROS formation,
which enhanced inflammation and autophagy in HGnFs. After blocking ROS formation,
both inflammation and autophagy were controlled, and cellular activity was recovered.

Although many reports suggest that high glucose conditions associated with diabetes
induce ROS formation [16], we demonstrated that low glucose conditions also induce ROS
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formation. HO-1 and SOD are intracellular anti-ROS enzymes that act as cytoprotective
agents by acting as a neutralizer to ROS [17]. High glucose conditions-induced ROS
promote the expression of HO-1 and SOD to counteract the damaging effects of ROS on
cells. In this study, we observed a similar phenomenon, where elevated ROS expression
was accompanied by enhanced HO-1 and SOD expression. At high glucose concentrations,
mitochondria are the main source of ROS because high glucose concentrations increase the
metabolic input to the mitochondria, overwhelming the ETC and leading to mitochondrial
hyperpolarization and excessive ROS production [18]. Low glucose environments may also
have a similar mechanism for inducing ROS. ROS can impair normal cellular function. Our
previous study showed that low glucose conditions also impair cellular functions, such
as proliferation and migration, in HGnFs [9]. In this study, we used different assays to
detect ROS production, successfully confirming previous findings while investigating the
expression of anti-ROS enzymes HO-1 and SOD.

In this study, a significantly reduced proportion of BrdU bound to DNA was observed
in the groups with glucose concentrations of 25 and 0 mg/dL, indicating a reduced pro-
liferation capacity at low glucose concentrations. In addition, a progressive decrease in
cell viability at lower glucose concentrations was found. These results suggest that low
concentrations of glucose can induce ROS by weakening the ability to resist ROS and
impairing cell viability.

ROS play an important role in the progress of inflammation [8]. Enhanced ROS
formation at the site of inflammation leads to tissue dysfunction and damage [19]. Studies
have shown that inflammation is deeply involved in the gingival wound healing process,
and excessive inflammation delays this process [20,21]. Some studies have shown that high
glucose conditions induce high expression of inflammatory cytokines and impair normal
cell function, as in the case of differentiation of PDLSCs [22]. In this study, low glucose
conditions also induced inflammation by the overexpression of inflammatory cytokines.
These results may provide new insights into the mechanisms of inflammation that occur in
wound tissue.

Autophagy is a process by which cells actively degrade their own cellular contents,
and this process is important for balancing energy sources in response to nutrient defi-
ciency stress [11]. It plays an important role in the removal of damaged organelles, such as
mitochondria, the elimination of intracellular pathogens, and the removal of misfolded pro-
teins [23]. Recent studies have suggested that autophagy induces inflammatory cytokines
and ROS formation [24]. There is a close relationship between ROS, inflammation, and
autophagy. ROS can directly trigger autophagy, and autophagy can induce the production
of inflammatory cytokines [25]. In this study, we found that low glucose conditions induce
autophagy in HGnFs. Interestingly, even in the 100 mg/dL glucose concentration group
with sufficient nutritional conditions, autophagy could be observed at 72 and 120 h, which
suggests that HGnFs have more active autophagic activity than other cells.

To further explore the role of ROS in low glucose conditions, we used NAC, a widely
used antioxidant that can act directly as a scavenger of free radicals, especially oxygen
radicals [26]. NAC is a powerful antioxidant, and it has been recommended as a potential
treatment option for different disorders resulting from the generation of free oxygen
radicals [27]. NAC was used to inhibit ROS formation in low glucose conditions and
observe the progress of inflammation and autophagy induced under low glucose conditions.
The effective concentration of NAC varies depending on the cell type. Therefore, first,
the antioxidant effect of NAC was tested using three concentrations (1, 5, and 10 mM) to
determine an ideal concentration, and the results demonstrated that all three concentrations
were effective in reducing ROS formation. Then, the most effective concentration, 10 mM,
was chosen for the subsequent experiments. It was then observed that cell survival and
the amount of BrdU-bonded DNA also increased on NAC treatment, suggesting that
the reduced cellular activity at low glucose concentrations was caused by ROS, and this
ROS-induced oxidative damage can be rescued by NAC.
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Next, the expression of inflammatory factors following NAC treatment was inves-
tigated. A reduction in the mRNA expression of IL-1β, IL-6, and IL-8 was identified.
Additionally, the expression of autophagy-related proteins, LC3 and p62, was reduced after
NAC treatment. Study has shown that NAC inhibited the JNK signaling pathway, which
suppressed inflammation and autophagy in ischemia-reperfusion injured mouse cells [28].
This is similar to our results, in that, NAC inhibited low glucose condition-induced in-
flammation and autophagy. Studies have shown that the phagocytosis of cytoplasmic
components, including cytosolic proteins and organelles, is induced by autophagosomes
during autophagy. At the same time, a cytosolic form of LC3-I was conjugated to phos-
phatidylethanolamine to form LC3-II, which was recruited to autophagosomal membranes.
Autophagosomes fused with lysosomes to form autolysosomes, and intra-autophagosomal
components were degraded by autolysosomal hydrolases [29]. Thus, the expression of
LC3-I can be considered to represent the pre-process of autophagy, whereas the expression
of LC3-II represents the overall process of autophagic activity and autophagy. In this study,
an increase in LC3-I and a decrease in LC3-II expression were observed, which suggests
that NAC inhibits the conversion of the lipid modification process from LC3-I to LC3-II. In
other words, ROS may be important for the pre-process of autophagy in gingival tissue.

An increasing number of studies have provided information that Akt and ERK sig-
naling pathways can collaborate to maintain cellular function in a cell type-dependent
manner [10]. These two signaling pathways are cross-linked at many sites, and either
signaling pathway can enhance or inhibit signaling in the other. Both pathways can be
activated by ROS and perform many physiological functions, such as autophagy. Phospho-
rylation of ERK is necessary for the autophagic process [30], and ERK pathway inhibitors
can be used to inhibit autophagy [31]. In this study, NAC inhibited the phosphorylation
of ERK pathways activated by ROS, which may suggest that ROS is required for ERK
phosphorylation for the induction of autophagy in low glucose conditions. Akt activation
upregulates intracellular ROS levels by inhibiting ROS clearance [32]. Akt also inhibits
cell proliferation by promoting mitochondrial biogenesis to upregulate ROS and by acti-
vating the DNA damage response pathway; this inhibitory mechanism can be rescued by
NAC [33]. Additionally, the phosphorylation of Akt could induce autophagy, thus promot-
ing gingival wound healing [34]. We recognized that NAC inhibited the phosphorylation
of Akt, which may be related to the inhibition of the process of autophagy, restoration of
cell viability and reduced levels of inflammation observed in this study.

Clinically, it is considered that after trauma or periodontal surgery, the blood supply
to periodontal tissue is lower than that of healthy tissue due to damaged blood vessels,
resulting in the tissue experiencing a state of glucose starvation. For example, when free
gingival autografting (FGG) is performed, control of the blood supply and inflammation of
the free tissue is considered critical to the success of the free soft tissue graft [35]. When
the blood supply is not restored, cells from the free soft tissue (mainly gingival fibroblasts)
experience a stressful microenvironment characterized by low glucose concentrations. In
this study, we demonstrated that low glucose concentrations lead to the accumulation of
ROS in HGnFs and result in decreased cell viability and inflammation. The findings of this
study provide a new insight of the importance of soft tissue management in periodontal
surgical procedures.

In this study, the low nutrient microenvironment in the periodontal-wound tissue was
simulated by using a low glucose environment, as glucose is one of the most important
components of all nutrients. However, the limitation of this study is that several other
factors in the periodontal-wound microenvironment, such as bacterial infection and serum
or blood oxygen levels, were not simulated due to its in vitro design. In addition, we opted
for an in vitro design because an in vivo design would mean that the animals themselves
may die of hypoglycemia and the experimental process may be discontinued if blood glu-
cose levels are artificially lowered in animal experiments; therefore, we employed culture
experiments. Furthermore, other antioxidants such as Resveratrol and Quercetin have dif-
ferent mechanisms for blocking ROS compared to NAC. Resveratrol and Quercetin induce



Antioxidants 2022, 11, 1907 12 of 14

an increase in mitochondrial respiration, while NAC enhances more non-mitochondrial
respiration in circumstances of consumption of less oxygen [36]. Therefore, further studies
are needed to fully elucidate these mechanisms while considering these variables.

5. Conclusions

In conclusion, it was found, for the first time, that a low glucose environment could
induce ROS formation and thus activates the Akt and ERK signaling pathways, which
lead to impaired cellular viability and the induction of inflammation and autophagy is
shown in Figure 7. This process could be rescued by NAC. This finding may provide new
insights into the mechanisms of wound healing after periodontal surgery under glucose
starvation environment.
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